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At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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Global EFT Fit
include not only Higgs but also top, di-boson and EWK precision observables 


• No 4-quark operators (4-lepton operators affect GF) since they are better 
constrained outside Higgs processes, except maybe for the top (but not 
considered yet, see Eleni’s presentation).


• No RH-currents (chiral suppression).


• No dipole operators (chiral suppression in production, contribution only to 3-body 
decays). Top dipoles could be relevant but neglected for now.


• Flavour assumptions

‣ flavour universality: 19 independent parameters + 5 SM inputs

‣ flavour diagonality: 31 independent parameters + 5 SM inputs


working at linear-level in the EFT effects
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Experimental Inputs
A circular ee Higgs factory

starts as a Z/EW factory


(TeraZ)  

A linear ee Higgs factory

operating above Z-pole


can also preform 

EW measurements 


via Z-radiative return

A linear ee Higgs factory

could also operate on the


Z-pole though at lower lumi

(GigaZ)

Jorge de Blas 
INFN - University of Padova

The 16th Workshop of the LHC Higgs Cross Section Working Group 
CERN, October 18, 2019

Higgs (and EW) physics at Future Colliders

�10

• Inputs included in the fits (from ESU documents and refs. therein):


Higgs aTGC EWPO Top EW

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes Yes (365 GeV, Ztt)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) Yes 


(Rad. Return, Giga-Z) Yes (500 GeV, Ztt)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes No

CLIC Yes (μ, σΖΗ) Yes (Full EFT 
parameterization)

Yes 

(Rad. Return, Giga-Z) Yes 

HE-LHC Extrapolated from 
HL-LHC N/A → LEP2 LEP/SLD 


+ HL-LHC (MW, sin2θw) -

FCC-hh
Yes (μ, BRi/BRj) 


Used in combination 
with FCCee/eh

From FCC-ee From FCC-ee -

LHeC Yes (μ) N/A → LEP2 LEP/SLD 

+ HL-LHC (MW, sin2θw) -

FCC-eh
Yes (μ) 


Used in combination 
with FCCee/hh

From FCC-ee From FCC-ee 

+ Zuu, Zdd -
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Bases of dim-6 Operators23

D6 operators

OH = 1
2 (∂µ|H

2|)2 OGG = g2s |H|2GA
µνGA,µν

OWW = g2|H|2Wa
µνWa,µν Oyu = yu|H|2q̄LH̃uR + ?.+. (u → t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2q̄LHdR + ?.+. (d → b)
OHW = ig(DµH)†σa(DνH)Wa

µν Oye = ye|H|2̄lLHeR + ?.+. (e → τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!gεabcW

a ν
µ Wb

νρWc ρµ

OW = ig
2 (H

†σa
←→
DµH)DνWa

µν OB = ig′
2 (H†←→DµH)∂νBµν

OWB = gg′H†σaHWa
µνBµν OH$ = iH†←→DµH$̄Lγµ$L

OT = 1
2 (H

†←→DµH)2 O′
H$ = iH†σa

←→
DµH$̄Lσaγµ$L

O$$ = ($̄Lγ
µ$L)($̄Lγµ$L) OHe = iH†←→DµHēRγµeR

OHq = iH†←→DµHq̄LγµqL OHu = iH†←→DµHūRγµuR
O′
Hq = iH†σa

←→
DµHq̄LσaγµqL OHd = iH†←→DµHd̄RγµdR

! SILH’ basis (eliminate OWW, OWB, OH$ and O′
H$)

! Modified-SILH’ basis (eliminate OW, OB, OH$ and O′
H$)

! Warsaw basis (eliminate OW, OB, OHW and OHB)

Jiayin Gu Fudan University

Updates from the “Gobal SMEFT Fit Team”

O6 = �� |H|
6

• Flavour assumptions

‣ flavour universality: 19 

‣ flavour diagonality: 31-33 


c, b, t, µ, τ Yukawa only

U(2) symmetry 


among 2 first quark generations  

BRinv and BRuntagged

to take into account


light quark generations 
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Effective Higgs Couplings from EFT Fits
EFT fits can be performed in different bases (difficult to compare results among different analyses)


and seldom the meaning on the sensitivity on the various Wilson coefficients is transparent

— Practical approach — 

perform the fit in any basis you like and project the results on effective/pseudo couplings

EFT studies at future colliders

• Compare Future Collider sensitivity to deformations of Higgs couplings in a 
basis-independent way


• Project EFT fit results into (pseudo) observable quantities 

• Not enough to match EFT d.o.f : Add also aTGC


• Similarly, for EW interactions, project results into effective Zff couplings 
defined from EWPO, e.g.


Presentation of SMEFT fit results

�21
Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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Presentation of EFT fits results
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• Effective couplings 
Direct connection to experimental measurements Connection to UV less direct
Try to define from physical observables⇒Basis independent

LCC = �
ep
2s

�
1 + �

U
gCC

�
W

+
µ

✓
�ij +

⇣
�
D
U

†
L

⌘

ij

◆
⌫
i

L
�
µ
e
j

L
+

�
�
D
VR

�
ij
u

i

R
�
µ
d
j

R
+

+
⇣
Vij +

�
�
D
VL

�
ij
+ Vij�

I
Vij

⌘
u

i

L
�
µ
d
j

L

i
+ h.c.

(22)

LCC = �
ep
2s

�
1 + �

U
gCC

�
W

+
µ

h⇣
�ij +

�
�
D
UL

�
ij

⌘
⌫
i

L
�
µ
e
j

L
+

�
�
D
VR

�
ij
u
i

R
�
µ
d
j

R
+

⇣
�ij +

�
�
D
VL

�
ij

⌘
u
i

L
�
µ
d
j

L

i
+ h.c.

(23)

Ignoring CKM e↵ects

Vij ⇠ �ij

�
D
UL =C

(3)
�l

v
2

⇤2 ,

�
D
VL =C

(3)
�q

v
2

⇤2 , �
D
VR = 1

2
C�ud

v
2

⇤2 .

(24)

M
2
W

= M
2
Z
c
2
⇣
1 �

c
2

c2�s2

⇣
C�D

2
+ 2s

c
C�WB + s

2

c2
�GF

⌘
v
2

⇤2

⌘
(25)

�
U
gCC =

h
sc

s2�c2
C�WB �

c
2

2(c2�s2)

⇣
�GF

+ C�D

2

⌘i
v
2

⇤2 . (26)

1.3 Higgs couplings

g
e↵ 2
hXX

= �H!XX

�SM
H!XX

LhV V = ghggG
A

µ⌫
G

Aµ⌫
h + g

(1)
hWW

W
µ⌫
W

†
µ⌫
h +

⇣
g
(2)
hWW

W
+⌫

@
µ
W

†
µ⌫
h + h.c.

⌘
+ g

(3)
hWW

W
+
µ
W

�µ
h

+g
(1)
hZZ

Zµ⌫Z
µ⌫
h + g

(2)
hZZ

Z⌫@µZ
µ⌫
h + g

(3)
hZZ

ZµZ
µ
h

+g
(1)
hZA

Zµ⌫F
µ⌫
h + g

(2)
hZA

Z⌫@µF
µ⌫
h + ghAAFµ⌫F

µ⌫
h

Lhff= g
ii

hee
ē

i

L
e

i

R
h + g

ii

huu
ū

i

L
u

i

R
h + g

ii

hdd
d̄

i

L
d

i

R
h + h.c. (27)

ghff = �
mf

v

⇣
1 +

h
(C�⇤ �

1
4
C�D) � vp

2mf

Cf� �
1
2
�GF

i
v
2

⇤2

⌘
(28)

Lh3= ghhhh
3

(29)

ghhh = �
M

2
h

2v

⇣
1 +

h
3(C�⇤ �

1
4
C�D) � 2 v

2

M
2
h

C� �
1
2
�GF

i
v
2

⇤2

⌘
(30)

�� =
h
3(C�⇤ �

1
4
C�D) � 2 v

2

M
2
h

C� �
1
2
�GF

i
v
2

⇤2 (31)
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down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
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operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
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�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

down the rate of the tt̄h process as
‡tt̄h

‡SM

tt̄h

ƒ 1 + 2 ”yt . (D.3)

For Higgs decays, we make use of the results in Ref. [16]. The Decay widths to a pair
of fermions are

�cc

�SM
cc

ƒ 1 + 2 ”yc ,
�bb

�SM

bb

ƒ 1 + 2 ”yb ,
�··

�SM
··

ƒ 1 + 2 ”y· ,
�µµ

�SM
µµ

ƒ 1 + 2 ”yµ . (D.4)

The decay width to WW ú ZZú (with 4f final states) are given by

�W W ú

�SM

W W ú
ƒ 1 + 2 ”cZ + 0.05 cZZ + 0.67 cZ⇤ ≠ 0.05 c““ ≠ 0.17 cZ“ , (D.5)

�ZZú

�SM

ZZú
ƒ 1 + 2 ”cZ ≠ 0.15 cZZ + 0.41 cZ⇤ , (D.6)

where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12

�gg

�SM
gg

ƒ 1 + 241 cgg + 2.10 ”yt ≠ 0.10 ”yb , (D.7)

and
�““

�SM
““

ƒ (1 + c““

≠8.3 ◊ 10≠2
)2 ,

�Z“

�SM

Z“

ƒ (1 + cZ“

≠5.9 ◊ 10≠2
)2 . (D.8)

The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.

44

e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.

+ … (EW Vff, hVff)

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:
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By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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The decay width to WW ú ZZú (with 4f final states) are given by
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12
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The branching ratio can be derived from the total decay width, which can be obtained
from
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

Similar definition as κ modifiers, but different interpretation, e.g.

+ … (EW Vff, hVff)

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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Effective Higgs couplings

Only these are described in κ-framework
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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About VBS channels
At LEP, diboson channels were mostly analysed in terms of TGC.

At LHC, and future hadron colliders, often TGC dominance assumption (fit with 3 TGCs only) is made. 
Full EFT analysis, with optimal observables in particular (→ see J. Gu’s talk on Thursday), can be quite 

different: flavour assumptions can play a big role too!
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Figure 7: Estimated 95% CL bounds on the aTGC at HL-LHC. Solid and dashed stand for

�syst = 5% and �syst = 30% respectively. The bounds on ��, �g1z change by a factor two

to three between the 3-parameter and the 7-parameter fits, while the bound on �� remains

una↵ected. The aTGC bounds in 3-parameter fit agrees well with the ones obtained for

universal theories, see Fig. 17.

is particularly true for �� and �g1z: the bounds on the ��, �g1z vary by more than 100%

if instead of setting �V q̄q = 0 they are included in a global fit combining the LEP-1 data in

the context of FU or MFV scenarios. On the other hand �� will remain mostly una↵ected,

as anticipated from Eqs. (6) and (7).

Figure 8 shows the 95%CL bound on �g1z when setting �� = �� = 0 as a function of

the assumed systematic uncertainty. Two cases are considered: i) all deviations in the light

quark vertices are neglected and set to zero, and ii) the diboson data are combined with the

LEP-1 data and the light quark vertices are profiled over. The bound on �g1z is rather robust

and does not show a strong dependence on the assumed systematic uncertainty, changing by

a factor two between when the systematics vary from 0% to 50% (the statistical uncertainty

is of course kept). The HL-LHC bound will be of the order of 0.1%, an order of magnitude

better than the current existing bound. And further improvement can be anticipated, e.g. by

relying on the new analyses proposed in Ref. [12].

5 Interpretation of the constraints

In this work we have performed a global analysis of the diboson data at the LHC and inferred

bounds on aTGCs as well as on anomalous couplings of the quarks to the EW gauge bosons.

We found that in some cases these bounds surpass the LEP-1 and LEP-2 bounds. Nonetheless,

it is important to stress that this is only so for certain regions of the parameter space. As

in any EFT analysis, the constraints on the Wilson coe�cients are only valid when the

characteristic energy of the processes remains smaller than the masses of the new particles.
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No global EFT analysis with generic flavour assumption available yet! 

https://arxiv.org/abs/1810.05149
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Future Directions - I

• Higgs couplings at high-energy (relying on STXS?)

1. off-shell gg → h* → ZZ → 4l,

2. boosted Higgs: Higgs + high-pT jet,

3. VH at large invariant mass (double differential distributions sometime needed to restore 

BSM/SM interference).


• High pT distribution**: “energy helps accuracy” (☞ beware of EFT validity)


1. BSM effects often grow with energy,

2. study of poorly populated phase space regions with smaller systematics.


• NLO effects: include the most precise predictions when available, but be careful, NLO 
could introduce more parameters and prevent the fit from closing, so extra 
measurement/data might be needed.


inclusive measurements vs kinematical distributions accessible 

at either leptonic machines (thanks to clean environment) or high-energy hadronic machines 

**some pheno projections were implemented in the ECFA SILH fit: 

di-fermions prod., ZH(bb), WZ at high-invariant mass but no full EFT analysis available yet.
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Future Directions - II
• Estimate EFT uncertainties (NLO, dim-8 effects, linear vs quadratic…), NP in backgrounds, 

theoretical constraints (positivity, analyticity), SMEFT vs. HEFT…


• Explore more flavour scenarios (and make connection with flavour data)


• Full-fledged EFT analysis of diboson data (away from TGC dominance assumption) with 
statistically optimised observables


• More combined Higgs and top analysis

1. effects of top dipoles or 4 fermion ops. with tops

2. constraints on top EW couplings from their NLO effects in Higgs and diboson processes 

(particularly relevant for low-energy colliders below ttH threshold)


• Generalisation of (pseudo)-observables to report EFT fits 

1. give justice to differential measurements

2. well suited for a global approach with H, EW, top, flavour


• Don’t forget correlations


• Provide more BSM interpretations, i.e., match to different models/UV dynamics. Which physics 
hypotheses do we want to test? Which consequences for cosmo?

→ see G. Durieux’s talk on Thursday

→ see next talk by E. Vryonidou 


